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Abstract 
     Superalloys have a poor machinability and are often drilled using Electro Discharge Machining (EDM) methods. However 
EDM is a time-consuming process and has low surface integrity. Ultrasonic Assisted Drilling (UAD) technology is a modern 
method of drilling such materials. Although this method has very high capabilities, it has not been introduced widely to industry.  In 
this study a special horn is designed and used to apply both rotation and vibration to drill bits. It can transfer power with high 
efficiency and has the capability to change tools easily. The setup is used to conduct deep drilling tests on Inconel 738LC with 
depth-to-diameter ratio of 10. The effect of ultrasonic vibration amplitude, spindle speed and number of steps to drill each hole on 
machining force and surface roughness were investigated. Optimized conditions and results predicted by Taguchi method showed 
close agreement with the results obtained by experiments.  
© 2013The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers 
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1. Introduction 
     Today superalloys are widely used in advanced 
industries such as power stations and aerospace. These 
materials have superior properties like very high 
hardness and stiffness and maintaining these properties 
in middle temperatures (750°C for Inconel 738LC), high 
wear resistance and high corrosion resistance which give 
them the capability to be the material used to fabricate 
turbine blades in gas and steam power stations. The main 
problem with using these materials is their low 
machinability. One of the most time consuming 
processes in manufacturing these blades is drilling 
because conventional drilling is almost impossible and 
drilling must be conducted using Electro Discharge 
Machining. The advantage of EDM is that there’s no 
direct contact between tool and workpiece and all 
conductor materials can be drilled using this method but 
process time is much more than mechanical drilling and 
the quality of the surface created is low in comparison 
with mechanical drilling. 
     UAD technology is a modern method to make 
mechanical drilling of super alloys possible. This 
method utilizes vibrations with a high frequency 
between 16 to 40 kHz and amplitude of 2 to 30µm, in 
direction of the drill axis. Using ultrasonic vibrations 
dates back to more than fifty years ago [1]. One of the 
earliest studies about using ultrasonic vibration in 
drilling was performed by Takemaya et al [1] in which 
the effect of ultrasonic vibration on decreasing burr size 
was investigated. Researches have been conducted on 
different materials for example UAD study of: bone 
[2,3]; aluminium [1,4-7]; steel and its alloys [8-10]; 
Particle Reinforced Metal Matrix Composite or 
(PRMMCs) [11,12]; copper [13]; titanium alloy [14,15]; 
and nickel base super alloy[16,17]. 
     Azarhoushang and Akbari [16] used UAD to make 
holes in Inconel 738LC. They applied vibrations to drill 
bit and rotation to workpiece; however they didn’t 
investigate the forces of drilling. They showed applying 
ultrasonic vibration can decrease surface roughness, 
improve dimensional accuracy and make the impossible 
process of drilling such super alloy with conventional 
method, a feasible process by assistance of ultrasonic 
vibrations, although applying rotation to workpieces 
limited the use of that setup to some small workpieces. 
On the other hand, different results may be obtained if 
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both rotation and vibrations are applied to drill bit and it 
is an essential requirement if the process is to be done 
for industrial units. On the other hand, they created holes 
with 8mm depth and 5mm diameter while in many 
applications the depth of required holes are ten or more 
times of hole diameter which is called deep drilling. In 
the present study in addition to applying both rotation 
and ultrasonic vibration to drill bits, deep holes with 
depth to diameter ratio of ten are drilled in superalloy 
Inconel 738LC (holes with 50mm depth). 
 
2. Experiments 
2.1. Preparing test setup 
     In order to perform experiments a container is 
designed and fabricated so that the transducer can be 
held in this container and may be clamped in the chuck 
of the lathe. On the other hand, a slip ring is used to feed 
electrical power to the transducer inside the cylindrical 
container. The horn is held by the container in its 
vibration node and transfers rotation and vibration to 
drill bit. Using finite element method, modal analysis is 
conducted and the horn is designed (Fig. 1). This horn 
works in frequency of 20.3 kHz which is its resonance 
frequency. Three levels of amplitude were chosen for the 
tests: 3µm, 6µm and 10µm. The ultrasonic generator is 
controlled using its Labview software. During drilling 
process the dynamometer under the fixture keeps record 
of force signals. These signals are magnified using an 
amplifier and sent to a computer. The force results are 
then shown as a graph of force by using Dynoware 
software (Fig. 2 and 3). The experimental setup consists 
of: 
• Universal lathe machine (Tabriz-TN40A): for 
turning the ultrasonic head. 
• Generator (Mastersonic MMM generator – 
MSG.1200.IX): to convert 50 Hz electrical supply 
to high-frequency electrical impulses. The 
frequency range of the generator is 19 to 46 kHz 
and the frequency step is 1 Hz. The power of the 
generator is 1200 W and the maximum output 
current is 3 A. 
• A computer which utilizes the software Labview 
developed by Mastersonic to control power and 
frequency of the transducer. 
• Dynamometer Kistler type 9257B and related 
amplifier in order to measure machining forces. 
This dynamometer is capable of measuring forces 
and moments in three directions and is able to 
measure forces up to 5 kN. 
• A computer which utilized Dynoware (of Kistler) 
software to plot and keep records of force results, 
• Tungsten carbide φ 5 drill bits with AlTiN coating 
manufactured by Woox with the grade of WHM 
K10 and the total length of 86mm and 52mm flute. 
• Workpieces of Inconel 738LC superalloy with 
dimensions: 25×25×50 mm3. These workpieces 
were manufacture by casting and cut and ground 
then were examined by X-Ray to make sure there’s 
no impurity inside them. 
• Soluble oil coolant L.M.O18809: One unit of this 
oil is mixed with 20 units of water and flows on the 
entrance of holes with a flow rate of 0.09 lit/sec. 
 
 
Fig.1. Ultrasonic transducer and designed horn  
 
 
Fig. 2. Experimental procedure 
 
 
Fig. 3. Experimental setup 
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2.2. Design of Experiments. 
2.2.1. Ultrasonic Assisted Deep Drilling (UADD) 
In order to perform UADD tests, Taguchi method is 
used. The commercial Minitab Software is used to 
design orthogonal arrays of Taguchi method. Ignoring 
interactions, an L9 orthogonal array may be used to 
perform tests with three factors by three levels. The 
factors in the tests are spindle speed, ultrasonic vibration 
amplitude and number of drilling steps. Number of steps 
indicates number of divisions that a hole is drilled to 
reach 50mm. for example in five-step drilling, the tool is 
brought out after drilling 10mm and then it enters the 
hole and continues this process for another four times.  
All experiments were conducted with feed rate of 
0.05mm/rev. In fact the uncut chip thickness is constant 
for all experiments. All factors with their levels are listed 
in table 1. Orthogonal array is seen in table 2.  
Table 1. Factors and their levels at experiments   
Factors Level 1 Level 2 Level 3
Vibration 
Amp.(µm) 3 6 10 
Spindle Speed 
(rpm) 355 500 710 
Number of 
Step 1×50mm ~3×17mm 5×10mm 
 
Table 2. Orthogonal L9 array for UADD experiments 
Test 
Number 
Vibration 
Amplitude 
(Level No.) 
Spindle 
Speed 
(Level No.) 
Number of 
Step 
(Level No.) 
1 1 1 1 
2 1 2 2 
3 1 3 3 
4 2 1 2 
5 2 2 3 
6 2 3 1 
7 3 1 3 
8 3 2 1 
9 3 3 2 
 
      signal to noise ratio or SN ratio is an important 
function which  while enables us to predict optimum 
conditions.. There are three major methods to investigate 
results by SN ratio. "Smaller is better", "larger is better" 
and "nominal is best".  
In order to achieve minimum drilling thrust force and 
surface roughness an appropriate method is "Smaller is 
better". SN ratio is calculated using Eq. 1 in which 

	is 
signal to noise ratio, n is number of trials and yi is the 
value obtained in ith trial [18]. 
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Standard deviation is measured through Eq. 2 in which 
STD is standard deviation, n is number of trials, yi is the 
value obtained in ith trial, and  is the mean value of yi’s 
[18]. 
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2.2.2. Convectional Deep Drilling (CDD) 
In order to have same machining conditions, for the 
conventional drilling tests, the same L9 Taguchi 
orthogonal array was used as the ultrasonic tests except 
that the ultrasonic power is off. In this case two factors 
with three levels are used which means the L9 array is 
the full factor design. 
3. Experimental Results and Discussion 
UADD of Inconel 738LC was successful in all 
experiments however all conventional tests failed due to 
fracture of drill bits  . Therefore no result was obtained 
from conventional deep drilling tests to be compared 
with UADD results. The reason why tools break during 
conventional tests is more extensive wear of cutting 
edges due to more contact with workpiece which results 
in an extreme increase in temperature and decrease in 
performance of cutting edges making it harder and 
harder to cut chips [19]. Consequently regarding the 
automatic feed rate, the the thrust force increases 
dramatically and the tool would fail in these conditions. 
The same phenomenon was observed by Azarhoushang 
and Akbari [16]. In order to investigate dimensional 
accuracy of hole entrance they made holes with 6mm 
depth in workpieces of 8mm thickness. In the present 
study however, with the same workpiece material and 
tool material and diameter, the depth of hole increased 
from 8 to 50mm.  
 
 
Fig. 4. Chips morphology: Feed Rate =0.05mm/rev, 355 RPM ( for 
UAD, A.=3µm) 
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The chip geometry was also investigated. In CDD the 
chips were long and continuous. On the other hand, the 
chips produced by UADD are discontinuous with small 
dents and the cross-sections of these chips are influenced 
by superimposing ultrasonic oscillations with CDD (see 
Fig. 5). 
Fig. 6 shows samples of UADD. No significant burr 
was observed in the exit of tool. Hole oversize reduces 
significantly with the use of ultrasonic vibrations. 
Geometry accuracy of results was investigated by CMM. 
Average hole entrance oversize in CDD (in the same 
condition and for incomplete holes) was about H11 
(5.075 mm) but in UADD it was reduced to H9 (5.030 
mm) for all hole lengths. This improvement is due to the 
effects of ultrasonic vibration on reducing cutting forces 
and drill tip displacement/skidding. 
 
 
Fig. 5. Drilled workpiece by ultrasonic assisted method 
3.1. Thrust force 
Thrust force results obtained from UADD are listed in 
table 3. Main effect and Standard deviation of factors 
and their levels are listed in table 4.  
Table 3. UADD thrust force result 
Test Number First trial Second trial Third trial 
1 526 538 548 
2 502 526 539 
3 475 490 505 
4 391 410 402 
5 469 480 497 
6 499 529 532 
7 393 419 431 
8 438 439 455 
9 492 507 518 
 
Table 4. mean effect and STD of thrust force results on factors  
parameter Analysis 
result 
level 
1 
level 
2 
level 
3 
Vibration Amp. 
mean (N) 516.6 467.8 454.7 
STD  (N) 14.93 13.95 14.01 
Spindle speed 
mean (N) 450.9 482.9 505.2 
STD  (N) 13.33 14.12 15.43 
Step Number mean (N) 500.4 505.2 462.2 STD  (N) 12.93 13.79 16.16 
According table 4, STD for all parameter and their 
levels is approximately between 13 to 16 N.  
Increasing vibration amplitude from 3µm to 6µm 
micrometres causes an outstanding decrease in thrust 
force. Further increasing amplitude to 10µm results in 
more reduction in force. This is because of the reduction 
in amount of friction by increasing amplitude which 
results in reduction of temperature produced by friction 
making it easier for the tool to remove material and 
further reduction in thrust force is achieved. On the other 
hand, longitudinal vibrations cause a torsional mode of 
vibration which is amplified by increasing amplitude of 
longitudinal vibration and causes cutting edges to 
accelerate when entering the uncut chip. By increasing 
spindle rotation speed which causes higher feed rate in 
m/min unit, separation of tool and workpiece and impact 
regime between tool and workpiece become weaker. As 
a result, moving chips out of the hole would be more 
difficult and the forces increase. After any step of 
drilling the drill bit is brought out of the hole and the 
coolant fluid reduces its temperature and washes the 
chips meanwhile the coolant fluid reaches the hole and 
reduces the temperature of hole. Therefore, by reducing 
temperature and washing the hole, friction reduces and 
the strength of cutting edges which was reduced due to 
high temperature, increases again and consequently the 
thrust force decreases. If number of steps increases to 5, 
these beneficiary effects would be more obvious.  
In order to specify optimal conditions in which the 
thrust force is minimum, signal to noise ratio was 
obtained using Minitab software. The SN ratio of factors 
and their levels on thrust force results is shown in Fig. 6. 
Increasing vibration amplitude from 3 to 6µm causes an 
outstanding increase in SN ratio. 
 
Fig. 6. Signal to noise for force results 
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Further increasing amplitude to 10µm results in more 
induction in SN ratio. This is because of the decrease in 
amount of friction by increasing amplitude. On the other 
hand, longitudinal vibrations cause a torsional mode of 
vibration which is amplified by increasing amplitude of 
longitudinal vibration and causes cutting edges to 
accelerate when entering the uncut chip. By increasing 
spindle speed which causes higher strain rate in same 
uncut chip thickness, separation of tool and workpiece 
and impact regime between tool and workpiece become 
weaker. As a result, moving chips out of the hole will be 
more difficult, the forces increase and therefore the SN 
ratio decrease. After any step of drilling the drill bit is 
brought out of the hole and the coolant fluid reduces its 
temperature and washes the chips meanwhile the coolant 
fluid reaches the hole and reduces the temperature of 
hole. Therefore, by reducing temperature and washing 
the hole, friction reduces and the strength of cutting 
edges which was reduced due to high temperature 
increases again and consequently the thrust force 
decreases and therefore SN ratio increase. If number of 
steps increases to 5, these beneficiary effects will be 
more obvious. 
 
3.2. surface roughness 
Surface roughness of the holes is listed in table 5. 
Table 6 shows the main effect of factors and their 
Standard deviation for holes surface roughness. 
Table 5. UADD surface roughness results (Ra -µm) 
Test Number First trial Second trial Third trial 
1 1.926 2.022 1.909 
2 2.037 2.137 2.912 
3 2.233 2.185 2.315 
4 1.772 1.646 1.558 
5 1.965 2.075 2.122 
6 2.144 2.373 2.465 
7 1.553 1.636 1.701 
8 2.285 2.190 2.246 
9 1.952 2.025 1.989 
 
Table 6. Mean value and Standard deviation of surface roughness 
results for factors and their levels 
Parameter  
Analysis 
result level1 level 2 level 3 
Vibration 
Amp. 
mean (µm) 2.07 1.977 1.923 
SDT  (µm) 0.092 0.079 0.058 
Spindle Speed 
mean (µm) 1.717 2.038 2.215 
STD  (µm) 0.086 0.081 0.062 
Step Number mean (µm) 2.207 1.892 1.871 STD  (µm) 0.053 0.086 0.09 
 
Increasing vibration amplitude makes it easier for chip 
to be moved out of the hole. In addition, chip breakage is 
facilitated by increasing amplitude of vibration. 
Therefore, the machining forces decrease and better 
surface finish is achieved. By improving impact regime 
due to ultrasonic vibration, chip breakage is intensified 
and results become more stable. Hence, by increasing 
amplitude STD is reduced. Increasing spindle speed, 
increases feed rate in mm/min unit and reduces effect of 
ultrasonic vibrations in breaking chips therefore contact 
between larger chip pieces and the surface of the holes 
make the resulting surface more rough. Increasing 
spindle speed reduced lathe vibration and stabilized the 
process and as a result, STD is reduced. When more 
number of steps is applied in drilling one hole, surface 
roughness is reduced significantly because of taking the 
chips out of the hole and cooling the tool and workpiece. 
By increasing number of steps, number of tool exits and 
entrance is increased. Therefore deviation is increased 
due to the fact that tool exit and entrance is done manual 
not automatically. 
Fig. 7 shows the effect of factors on SN ratio of holes 
surface roughness results. Increasing vibration amplitude 
makes it easier for chip to be moved out of the hole. In 
addition, chip breakage is facilitated by increasing 
amplitude of vibration. Therefore, the machining forces 
decrease and better surface finish is achieved and SN 
ratio increase. Increasing spindle speed, increases strain 
rate in same uncut chip thickness and reduces effect of 
ultrasonic vibrations in breaking chips therefore contact 
between larger chip pieces and the surface of the holes 
make the resulting surface more rough and decrease SN 
ratio level. 
 
 
Fig. 7. Signal to noise for surface roughness results 
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Increasing number of drilling steps, increases SN ratio 
due to better removing of chips, cooling of tool and 
reducing friction. According to what mentioned above, 
the optimum conditions predicted by Taguchi method is 
achieved in 10µm amplitude of vibration, 5 steps and 
355RPM spindle speed. In order to make sure, three 
holes were drilled in this optimum condition and an 
average thrust force of 417N and surface roughness of 
1.610µm was obtained. i.e. 1.551µm surface roughness 
and 408 N thrust force which show 2 and 4 per cent 
difference with Taguchi prediction of surface roughness 
and thrust force respectively. 
4. Conclusion 
Using ultrasonic assisted method in drilling of Inconel 
738LC superalloy makes it possible to make deep holes 
in the superalloy with depth-to-diameter up to 10. 
Drilling such a material with conventional method was 
impossible and some industries use EDM in these cases. 
In the chosen domain 3, 6, 10µm increasing vibration 
amplitude reduces drilling thrust force and surface 
roughness significantly. In this study feed rate was 
constant for all experiments at 0.05mm/rev therefore 
increasing spindle speed is equal to increasing material 
removal rate in which the uncut chip thickness is 
constant. The results show that increasing material 
removal rate, makes drilling more difficult and increases 
forces and surface roughness. Furthermore by using 
more steps for each hole and lower spindle speed can 
improve drilling conditions which leads to reduction of 
thrust force and surface roughness. Study of chip 
geometry shows using ultrasonic assisted method in 
deep drilling of this superalloy produces smaller chips 
which is one of the main effects of ultrasonic vibrations 
on drilling process. According to what mentioned above, 
the optimum conditions predicted by Taguchi method is 
achieved in 10µm amplitude of vibration, 5 steps and 
355RPM spindle speed. In order to make sure, three 
holes were drilled in this optimum condition and an 
average thrust force of 417N and surface roughness of 
1.610µm was obtained. i.e. 1.551µm surface roughness 
and 408N thrust force which show 2 and 4 per cent 
difference with Taguchi prediction of surface roughness 
and thrust force respectively. 
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